Abstract. An experimental investigation was conducted to determine the effect of fastener type on the connection performance of double lap-type single bolted composite joints. The joints with blind bolts and high lock bolts were tested separately by static tests and dynamic tests. ASTM D 5961 was adopted by static tests, and tension-compression reversed force/stress ratio, R=-1, was selected to evaluate the fatigue tests. The appropriate levels of fatigue stress were determined by the ultimate bearing strength of the fastener structure obtained from the static tests. The bearing stress and the fatigue life (S-N) date of different fastener types of specimen were presented and the relationship between fastener types and fatigue life were obtained. The experimental results showed that the connection performance of the blind bolted joint was better than that of the high-locking bolted joint. The ultimate bearing strength of the blind bolted joints was 1.9% higher than that of the high lock bolted joints, and the fatigue life of the blind bolted joints was 1-2 orders of magnitude higher than that of the high-locking bolted joint under the same cyclic stress.
Introduction
In advanced engineering fields such as aerospace engineering, composite materials have found wide applications because of their high strength-to-weight and stiffness-to-weight ratios. These applications require joining composites either to composites or to metals. The joints are commonly formed by mechanical fasteners. In composite structures, three types of joints are used, namely, mechanically fastened joints, adhesively bonded joints, and hybrid mechanically fastened/adhesively bonded joints. Bolted joints are still the dominant fastening mechanisms used in jointing of primary structural parts [1] .
The strength of fastened joints depends on many factors, including lay-up sequence, geometric parameters such as e/d and w/d ratios, clearance or interference, washer size, initial preload and type of joints (single-lap or double-lap) [2~8]. Cooper [2] investigated the effects of joint geometry (e/d and w/d ratios) on failure load and mode of failure of double-lap single bolted joints experimentally in tension, where e = edge distance, w = width of the specimen, and d = diameter of bolt-hole. The results show that the failure loads are directly affected by e/d ratios and w/d ratios, and increasing the e/d ratio changes the failure mode from shear-out (e/d<3) to bearing (e/d>3), and increasing the w/d ratio changes the failure mode from net-tension (w/d<4) to bearing (w/d>4).
Ascione et al. [3, 4] investigated the effect of the fiber-to-load inclination, stacking sequence and bolt diameter on the bearing failure load of glass fiber/epoxy laminates. Results showed that the bearing failure load increased as the bolt diameter increased, and depended significantly on the fiber-to-load inclination, but was not sensitive to stacking sequence.
Sun et al. [5] studied the effect of clamping area on the failure load of single bolt double-lap composite joint in tension by three configurations: a pin joint (without lateral support), a bolted joint without washer and a bolted joint with washer. Results indicate that the failure load of bolted joint with and without washer increased significantly than the pin joint without lateral support.
Generally the failure load increases as clamping area increases. The effect of washer size on the strength of composite bolted joints made of glass fibre reinforced epoxy was investigated experimentally [6] . Furthermore, Feo et al. [7] found that the presence of washers decreased the stress distribution of muti-bolted joints. McCarthy et al. [8] have done extensive experimental investigation to determine the effects of bolt-hole clearance on the stiffness and bearing strength of composite joints. When the clearance was increased from 0%to 3%, the stiffness and 2% offset bearing strength decreased by 10% and 7.5%.
Therefore, in the present paper, an experimental study was carried out to investigate the static and fatigue behavior of bolted joints in composite laminates with different fastener types.
Experimental Approach

Material and Specimen Preparation
The same composite materials, T700/BP9916 Carbon Fiber-Reinforced Plastic Composite Laminates, were selected for comparison of different interference fit sizes. A specimen with dimensions of 90×25mm and 5mm diameter fastener hole is shown in Figure 1 The geometrical configuration of the joint setup is shown in Figure 1 . For the clamping-up of experimental machine, a filler plate made of steel was used. All specimens were made with the same w/d = 5 ratio, e/d = 3 ratio, and specimen length of 210mm. Taking into the account of the length of specimen, a metal fixture was assembled to avoid the bending of specimen in compression. Two different fastener structures were used in the static and dynamic test. Figure 2 (a) was the specimens with high lock bolted fastener (Ti6V4V). It was the common form of composite laminates on the aircraft. Figure 2 (b) showed the specimens with blind bolted fastener. 
Experimental Procedures and Failure Definition
The failure definition under fatigue load became rather complex for bolted joint. Applied fatigue stress level was best obtained from the static bearing strength, in order to get a reasonable S-N curve.
ASTM D 5961 standard test method [9] for bearing response of polymer-matrix composite laminates was used to determine the ultimate bearing strength of polymer-matrix composite laminate specimens in double-shear tensile loading. Experimental set-ups of the single-bolt double-lap bolted joint were illustrated in Figure 3 . Figure 3 . Schematic for measurement system using an extensometer.
Several certain percentage of the ultimate bearing strength was used to determine the fatigue stress level. Joint damage can be indicated through joint stiffness reduction or hole elongation (hole wear). A relatively simple way to monitor bearing damage during a fatigue test is needed. The method is from the hysteresis plot of stress versus test machine crosshead deflection data (Figure 4. ). For each set of data at selected fatigue intervals, the fastener translation after N fatigue cycles (δ N ) is calculated using the relation:
(1) Where δ Nt and δ Nc are crosshead or extensometer displacements at zero force after quasi-static tensile and compressive loading, respectively. The bolt-hole elongation at each prescribed fatigue interval may then be calculated using the relation:
Where δ i = fastener translation prior to fatigue loading, mm. Testing was not generally terminated until enough bolt-hole elongation (hole wear) was produced (it may be 4% deformation of hole diameter) or 1000000 cycles were achieved. 
Results of Static Tests
There were three basic failure modes in composite connections: net-tension, shear-out, bearing failure. Net-tension failure was associated with matrix and fiber tension failures, due to stress connections. However, shear-out and bearing failures result primarily from the shear and compression failures of the fiber and matrix. Figure 5 showed typical load-displacement curves of two types of specimens. J1 is the specimens with high lock bolted fastener, and J2 is the specimens with blind bolted fastener. The same failure type was observed during the experiments. Two types of bearing strength were commonly identified, and noted by an additional superscript: offset bearing strength and ultimate bearing strength. It would be clearly seen from Figure 5 that the ultimate bearing strength of J2 with blind bolted fastener was higher than that of J1.
Results of Dynamic Tests
In order to compare the effect of different types of fasteners on the fatigue life of the structure, Figure  6 showed the S-N curves of the experimental results of the two fastened configurations (blind bolt fastener and high lock bolt fastener) under semi-logarithmic coordinates. As seen from the fitting S-N curves, the fatigue life of blind bolt was about 10 times higher than that of high lock bolt at the same cyclic stress level. When the cyclic stress level was ±50%σ bru (±600MPa, σ bru was the ultimate static bearing strength 1,200MPa), the average fatigue life of the blind bolted structures was more than 100,000 times, and the fatigue life of the high-lock bolted joints was only 1,000 times, two orders of magnitude less than blind bolted joints. 
Conclusions
Experimental studies had been carried out to investigate the effect of the types of bolts on the connection behavior of bolted joints in composite laminates. The static ultimate bearing strengths of composite connections were obtained through static tensile tests. The relationship between S-N curves and failure mechanism were examined. Thus, the following results were concluded: 1) The ultimate bearing strength of the blind bolted joints was 1.9% higher than that of the high lock bolted joints;
2) The fatigue performance of the blind bolted joint was better than that of the high-locking bolted joint. The fatigue life of the blind bolted joints was 1-2 orders of magnitude higher than that of the high lock bolted joint under the same cyclic stress.
